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ABSTRACT 

Aim Keratoprosthesis (KPro) devices are prone to long- 
term corrosion and microbiological assault. The authors 
aimed to compare the inflammatory response and 
material dissolution properties of two candidate KPro 
skirt materials, hydroxyapatite (HA) and titania (Ti0 2 ) in 
a simulated in vitro cornea inflammation environment. 
Methods Lipopolysaccharide-stimulated cytokine 
secretions were evaluated with human corneal 
fibroblasts on both HA and Ti0 2 . Material specimens 
were subjected to electrochemical and long-term 
incubation test with artificial tear fluid (ATF) of various 
acidities. Topography and surface roughness of material 
discs were analysed by scanning electron microscopy 
and atomic force microscopy. 
Results There were less cytokines secreted from human 
corneal fibroblasts seeded on Ti0 2 substrates as 
compared with HA. Ti0 2 was more resistant to the 
corrosion effect caused by acidic ATF in contrast to HA. 
Moreover, the elemental composition of Ti0 2 was more 
stable than HA after long-term incubation with ATF. 
Conclusions Ti0 2 is more resistant to inflammatory 
degradation and has a higher corrosion resistance as 
compared with HA, and in this regard may be a suitable 
material to replace HA as an osteo-odonto- 
keratoprosthesis skirt. This would reduce resorption rates 
for KPro surgery. 



INTRODUCTION 

Osteo-odonto-keratoprosthesis (OOKP) is a compli- 
cated form of ocular surface reconstruction surgery 
involving removal of a patient 7 s autologous tooth to 
support an optical cylinder. 1-4 The OOKP procedure 
is performed for patients with end-stage ocular 
surface diseases and severe inflammatory or dry eye 
states when corneal transplant or other keratopros- 
thesis (KPro) devices such as the Boston KPro Type I 
are contraindicated. 1 3 However, autologous OOKP 
surgery cannot be performed when there are no 
viable canine teeth. Using allograft donor teeth are 
more prone to lamina resorption, and there are 
complications related to the use of a bone lamina as 
a prosthetic skirt including aseptic loosening, bone 
absorption and limited size of optical field due to the 
limitations of tooth dimensions. The most severe 
complication is related to the chronic ocular surface 
inflammation which can lead to the partial or 
complete absorption of the bone and tooth 
implants 5 6 Development of a synthetic substitute 
for the autologous tooth-bone lamina would there- 
fore be a potential substitute for the OOKP proce- 
dure and would also have the added benefit of not 



requiring the extensive surgery required to remove 
a canine tooth from the patient. 

The ocular surface epithelium not only forms 
a physical barrier to the external environment but 
also serves as a non-specific innate immune system 
against microbes. 7 In patients with severe ocular 
surface disease, there is a disruption of the normal 
innate immunity and a change in the normal 
commensal flora. 8 9 This produces an unstable 
ocular surface sensitive to the new microbial flora 
leading to chronic ocular inflammation and these 
processes are further exacerbated by a poor tear 
film in these patients. 8 Therefore any prosthetic 
device must be able to withstand the unstable 
ocular surface microenvironment with its continual 
changing flora and chronic inflammation in these 
adverse conditions. 

It would therefore be advantageous if prospective 
synthetic KPro skirt devices are able to reduce the 
incidence of bacterial contamination during implan- 
tation as well as maintain excellent tissue biocom- 
patibility in the milieu of an unstable microbial 
infection. Hydroxyapatite (HA) is a commonly used 
synthetic biomaterial which has some properties 
akin to the tooth and bone lamina used in OOKP 
surgery. 10 HA has excellent biocompatibility with 
human cornea stroma fibroblasts 11 but is prone to 
resorption after long-term implantation that can 
affect the device stability. Biomaterials with 
improved corrosion resistance at an inflammatory 
induced microenvironment may offer a more 
attractive solution. Both acute and chronic 
inflammatory states are associated with reduced 
tissue pH due to the high metabolic activities of 
inflammatory cells or bacteria. 12 13 Therefore, the 
ideal substitute should possess a high corrosion 
resistance to an inflammatory milieu in an acidic 
environment. Titania (Ti02) has been previously 
shown to have good biocompatibility with human 
corneal stroma fibroblasts and epithelial cells. 14 15 
In addition Ti02 has a protective layer of oxide film 
that is stable, bioinert and provides the material 
with resistance to corrosion in tissue fluids for 
example, artificial saliva. 16 17 These properties make 
Ti02 a potential substitute to HA as a synthetic 
OOKP skirt material. 

In this study, we aimed to compare the effect of 
microbial infection on two candidate keratopros- 
thetic materials, HA and Ti02- We also aimed to 
compare the corrosive properties of the materials 
with an electro-polarisation test and a long-term 
incubation model. These were performed in artificial 
tear fluid (ATF) with various acidities to simulate 
the acidic microenvironment which may occur in 
a milieu of chronic ocular inflammation. 
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Figure 1 Fold change of cytokine 
expression level at the material surface 
of lipopolysaccharide (LPS)-stimulated 
human cornea fibroblasts. All data are 
relative to the readings of their 
individual group without LPS treatment. 
Data are represented as mean ± SE. 
*p<0.05 between hydroxyapatite (HA) 
and (titania) Ti0 2 . bFGF: basic 
fibroblastic growth factor, 
G-CSF: granulocyte colony-stimulating 
factor, GM-CSF: granulocytes 
macrophage colony-stimulating factor, 
GS: glass slide. /?=6, IFN: interferon, 
IL: interleukin, IP: induced protein, 
MIP: macrophage inflammatory protein, 
TNF: tumour necrosis factor, 
VEGF: vascular endothelial growth 
factor. 
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MATERIALS AND METHODS 
Material synthesis 

HA discs were produced by spark plasma sintering HA powder 
at a nominal pressure of 50 MPa and sintering at 1000°C. Ti0 2 
discs were produced by spark plasma sintering Ti0 2 powder at 
a pressure of 38 MPa and sintering at 1100°C. The diameters of 
all discs were 10 mm and the thicknesses were 2 mm. 

Human corneal fibroblasts preparation 

Human corneal stroma was collected from donor corneal tissue. 
The stroma tissue was cut into small pieces and cultured with 



the fibroblast growth medium (10% fetal bovine serum in 
Dulbecco 7 s Modified Eagle Medium) changed every 2—3 days. All 
studies related to human tissues were approved by the Institu- 
tional Review Board of the Singapore Eye Research Institute and 
Singapore National Eye Centre. 

Cytokine array 

For cytokine array corneal stroma fibroblasts (lxl0 4 /cm 2 ) in 
a 30 [d droplet were seeded on the surface of the substrate discs 
(n=3). At 24 h after seeding 7 culture medium was changed into 
serum-free medium containing lipopolysaccharide (LPS 7 10 ng/ 




Figure 2 Representative scanning electronic microscopy (SEM) images of hydroxyapatite (HA) and titania (Ti0 2 ) for electrochemical test. A^: HA; 
B!_ 3 : Ti0 2 . A] and Before treatment; A 2 and B 2 : After electrochemical test in artificial tear fluid at pH 6.5; A 3 and B 3 : After electrochemical test in 
artificial tear fluid at pH 5. The scale bar in all images is 10 urn. 
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ml). Twenty-four hours after addition of LPS 7 supernatant was 
collected for Bio-plex Pro Human cytokine 27-plex assay 
following the standard protocol provided by the vendor (Bio-rad 7 
Berkeley Calif ornia 7 USA). Cytokine analysis of culture medium 
from cells grown on a glass cover slip was used as a positive 
control. 

Electrochemical test 

Electrochemical tests were carried out in an Autolab-PGSTAT30 
(Metrohm Autolab 7 the Netherlands) at room temperature in 
a conventional 3-electrode cell. 18 ATF solution (0.85mg/ml 



lysozyme 7 1.82 mg/ml bovine serum albumin 7 5 mmol/1 urea 7 
lOOmmol/1 NaCl 7 26 mmol/1 Na 2 HCO S7 16 mmol/1 KC1, 
31 jimol/1 citric acid) was made for the immersion of the discs. 
The pH was adjusted to 6.5 and 5 by the addition of HC1 
solution. 19 The test was performed with graded sequential 
incremental potential from -5000 to 5000 mV (saturated calomel 
electrode) at a scan rate of 10 mV/s. 

Long-term corrosion test with simulated tear fluid 

Material discs were incubated in the 50 ml ATF solution (37°C) 
continuously for 3 months on a shaker at 60 rpm. The solution 
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Figure 3 Atomic force microscopy (AFM) scanning and data analysing of hydroxyapatite (HA) and titania (Ti0 2 ) for electrochemical test. A: 
Representative 3D topography of material discs. A^: HA; A 4 _ 6 : Ti0 2 . At and A 4 : Before treatment; A 2 and A 5 : After electrochemical test in artificial 
tear fluid at pH 6.5; A 3 and A 6 : After electrochemical test in artificial tear fluid at pH 5. B: Histogram showing the relationship of average roughness (Ra) 
with pH value of artificial tear fluid. All data are normalised to untreated specimens and represented as mean ± SE. n=]2. 
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was changed once every week. The material discs were then 
washed in double-distilled water (37°C) for 1 week with the 
water changed once every 2 days. 

Scanning electronic microscopy (SEM) and atomic force 
microscopy (AFM) 

The material discs were coated with a layer of gold by the 
sputter coating machine (BAL-TEC 7 Germany). Images of the 
surface of the substrates were scanned with SEM (JEOL 5600LV 7 
Japan). AFM scanning (Veeco 7 Calif ornia 7 USA) was performed 
with the tapping mode in air (room temperature). The scan rate 
was 0.5 Hz/s. To quantify the effect of pitting corrosion 7 six 
different areas were randomly selected on each material sub- 
strate. Dimensional topography and surface roughness were 
measured with the software provided by the vendor (Nanoscope 
6.11 Rl 7 Veeco 7 CA 7 USA). The average roughness (Ra) of AFM 
image represents the average pitting corrosion depth. 20 

RESULTS 

Material mediated cellular reaction discrepancy to LPS 

The cytokine expression profile indicated that corneal fibroblasts 
grown on the different materials continuously released several 
cytokines: Interleukin (IL)-lra 7 IL-4 7 IL-6 7 IL-9 7 basic fibroblastic 
growth factor 7 granulocyte colony-stimulating factor (G-CSF), 
granulocytes macrophage colony-stimulating factor (GM-CSF) ; 
interferon (IFN)-r 7 IFN y induced protein-10 7 macrophage 
inflammatory protein (MIP)-la 7 MIP-lb 7 regulated on activation 
normal T cell expressed and secreted, tumour necrosis factor 
(TNF)-a 7 and vascular endothelial growth factor into the culture 
medium 7 and the secretions were increased following LPS 
stimulation. After normalisation of the cytokine expression level 
to the control, the data showed that there were less cytokines 
(IFN-g 7 IL-lra 7 basic fibroblastic growth factor 7 vascular endo- 
thelial growth factor, GM-CSF 7 induced protein -10 7 G-CSF 7 IL-4 7 



IL-6 7 TNF-a 7 MlP-la) stimulated by LPS from corneal fibroblasts 
on Ti0 2 substrates than HA (figure 1). 

Assessment of surface corrosion after electrochemical test 

Untreated HA whose topography was qualitatively assessed by 
SEM (figure 2A1) exhibited a smooth and pit-free surface. After 
electro-polarisation testing with ATF (pH 6.5), clusters of deep 
pits were found on the surface of HA discs (figure 2A2). After 
testing with acidic ATF (pH 5) 7 the surface of the HA disc was 
seen to be unevenly damaged with HA particles exposed to 
the air (figure 2A3). SEM images of untreated Ti0 2 exhibited 
a surface of uneven ridges (figure 2B1). After electro-polarisation 
in ATF (pH 6.5), there were some shallow pits on the surface of 
Ti0 2 that were less in nature and not as clearly defined as those 
on HA (figure 2B2). After electro-polarisation in pH 5 ATF 7 
there was no qualitative increase in the amount of pits on the 
surface of Ti0 2 (figure 2B3). 

The depths of pits, cleavages and the overall corrosion severity 
were quantitatively assessed by the 3D topography of AFM. 
Representative topography was captured from each substrate 
after electro-polarisation in ATF. No obvious pits could be ob- 
served on the normal HA samples (figure 3A1). The material 
surface became uneven after electrochemical testing with ATF 
(pH 6.5, figure 3A2). The surface roughness significantly in- 
creased on the HA discs after electro-polarisation with acidic 
ATF (pH=5, figure 3A3). The 3D topography of Ti0 2 showed no 
obvious change of surface roughness after ATF treatment at 
either pH (figure 3A4— A6). Following the capture of topography 
with each tear fluid, the mean depth of the surface roughness 
(Ra) was calculated. Ra of untreated HA was 23.1 ±1.1 nm. After 
electro-polarisation with pH 6.5 ATF, the Ra increased to 
34.1 ±13.4 nm. After electro-polarisation with pH 5 ATF, Ra of 
HA specimens increased around twofold and reached as high as 
78.7±13.2nm. The Ra of untreated Ti0 2 specimen was 
90. 8 ±16.8 nm and showed no significant change after electro- 




Figure 4 Representative scanning electronic microscopy (SEM) images of hydroxyapatite (HA) and titania (Ti0 2 ) for long-term corrosion test. A^: 
HA; B!_ 3 : Ti0 2 . A] and Before treatment; A 2 and B 2 : After long-term incubation in artificial tear fluid at pH 6.5; A 3 and B 3 : After long-term incubation 
in artificial tear fluid at pH 5. The scale bar in all images is 10 um. 
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polarisation with pH 6.5 ATF or pH 5 ATF (/ta=121.8±11.4 nm 
and 83.3 ±20.8 nm respectively, p>0.05). After normalisation to 
the untreated HA or Ti0 2 , the fold changes of Ra were plotted in 
figure 4C. 

Assessment of surface corrosion after long-term incubation with 
ATF 

After incubation with pH 6.5 ATF for 3 months, there was 
a high density of deep pits developed on the surface of HA 
(figure 4A2). After incubation with pH 5 ATF 7 there was severe 



disruption of the HA surface. Deep corrosion pits and cracks 
merged together with multiple HA particles being exposed on 
the surface (figure 4A3). For TIO2 specimens, there was no 
obvious surface morphology change on SEM images after long- 
term incubation with ATF (pH 6.5 or pH 5) (figure 4B1— 3). 

The surface topography of material discs after long-term 
degradation test was also quantitatively assessed by AFM. The 
3D topography of material discs after incubation with pH 6.5 
ATF revealed that HA surface became very uneven (figure 5A2) . 
The HA surface was extremely rough after incubation with pH 5 



A 




Untreated pH6.5 pH5 



Figure 5 Atomic force microscopy (AFM) scanning and data analysing of hydroxyapatite (HA) and titania (Ti0 2 ) for long-term corrosion test. A: 
Representative 3D topography of material discs. A^: HA; A 4 _ 6 : Ti0 2 . At and A 4 : Before treatment; A 2 and A 5 : After long-term corrosion test in 
artificial tear fluid at pH 6.5; A 3 and A 6 : After long-term corrosion test in artificial tear fluid at pH 5. B: Histogram showing the relationship of average 
roughness (Ra) with pH value of artificial tear fluid. All data are normalised to untreated specimens and represented as mean ± SE. n=]2. 
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ATF (figure 5 A3). The 3D topography of Ti0 2 showed a non- 
significant increase of surface roughness after ATF incubation 
(figure 5A4— 6). Surface Ra of untreated HA was 24.1±1.1 nm. 
After treatment with pH 6.5 ATF, the Ra significantly increased 
around twofold to 62.2 ±3.4 nm. The Ra of HA specimen signif- 
icantly increased 12-fold and reached as high as 296±12.2 nm in 
pH 5 ATF. The Ra of Ti0 2 specimen increased from 93.1 ±8.3 to 
152.4 ±0.2 nm after incubation with pH 6.5 ATF and increased 
to 135±10.7nm after treatment with pH 5 ATF. Both these 
increases were less than onefold compared to the untreated 
Ti0 2 . The image depth readings were normalised to the un- 
treated HA or Ti0 2 samples and the fold changes of Ra were 
plotted in figure 5C. 

DISCUSSION 

There are currently few studies evaluating the dissolution 
properties of prospective artificial corneal skirt devices. 21 22 One 
of the issues in OOKP surgery is resorption. This can lead to 
leakage around the optic cylinder which in turn can predispose 
to microbiological infection and the risk of the resorbed lamina 
harbouring organisms. In our designed synthetic OOKP device 7 
the optic will be sealed to the haptic with the use of dental 
cement as in OOKP, thereby reducing the possibilities of an 
intraocular infection. Ideally our study would have a compara- 
tive group consisting of osteodental lamina, even though 
synthetic HA and osteodental lamina are not totally comparable 
in all respects. The mineral constituents of synthetic HA and 
osteodental lamina are comparable. Both of them are made of 
calcium apatite with the formula Ca(n)(P04)(n)(OH)(n). Hence 
they share some similar physical and chemical properties. That 
is why we and others 21 have used HA as control group. Com- 
parison studies with human cadaver osteodental lamina would 
have been more informative but currently we have no such 
resources and it will be our future work. 

We analysed the inflammatory cellular response and dissolu- 
tion properties of HA and Ti0 2 in a simulated inhospitable ocular 
surface environment. LPS is a component of the cell membrane of 
gram-negative bacteria. Corneal fibroblasts are sensitive to LPS 
stimulation and this plays a role in the regulation of cornea 
inflammation secondary to bacterial infection. LPS has been 
shown to induce the release of the pro-inflammatory cytokine IL- 
6 and chemokines G-CSF, monocyte chemotactic protein-l 7 
MIP-1P ; IL-8 and intercellular adhesion molecule-1 by corneal 
fibroblasts. 23 24 Likewise infectious corneal ulcers are associated 
with the production of pro -inflammatory cytokines, such as IL-1, 
TNF-oc and chemokines such as GM-CSF by resident human 
corneal fibroblasts. 25-27 Such a response in vivo would trigger 
local infiltration and activation of leucocytes and contribute to 
localised inflammation. In our studies, we found that LPS induced 
the production of a wide panel of cytokines/chemokines from 
cultured human corneal fibroblasts. We found that HA-grown 
keratocytes were more prone to LPS stimulated cytokines/ 
chemokines secretion than Ti0 2 (figure 1). The reasons that 
human cornea fibroblasts on Ti0 2 substrates secreted less cyto- 
kine/chemokines than those from HA are not fully understood, 
but could simply represent the fact that Ti0 2 presents a more 
bioinert surface as compared to HA. The difference in cytokine 
expression we detected was due to the intrinsic properties of the 
material substrates on the cells. 3-(4,5-Dimethylthiazol-2-yl)-2 ; 5- 
diphenyltetrazolium bromide (MTT) assay excluded the possi- 
bility that this difference was due to cellular toxicity caused by 
LPS on the fibroblasts grown on either biomaterial substrates 
(supplementary figure). Our results suggest that Ti0 2 fibroblasts 
are less responsive to LPS stimulated inflammation and hence 



may prove effective in reducing the propagation of an acute 
inflammatory response into a chronic one. 

Following ischaemia and inflammation, there is a reduction in 
tissue pH. 12 13 The reported reduction in pH can vary from 0.1 
to 2.O. 28 Therefore, to address the issue of implant device 
stability in an ocular inflammatory milieu, we compared the 
corrosion resistance properties of material specimens in ATF at 
a pH value of 6.5 and also at a more acidic pH (pH 5) to simulate 
an inhospitable ocular surface. We compared the corrosion 
resistance properties of Ti0 2 and HA in an electric-polarisation 
facility. Bioactive HA has a low polarisability and electric 
conductivity hence it is not possible to compare the electro- 
chemical index of HA directly with Ti0 2 . Morphological 
changes after electrochemical treatment were analysed, and 
compared with HA. Ti0 2 showed less degradation with elec- 
trochemical treatment at both pH 6.5 and pH 5 ATF (figures 2 
and 3). We deduce that this may be due to the passive film 
formation at the interface between Ti0 2 and ATF. 

Our SEM and AFM data showed that in pH 6.5 ATF, both HA 
and Ti0 2 developed some early signs of pitting corrosion forma- 
tion and an increase in surface roughness (figure 2 to figure 5). 
However, the signs of corrosion in pH 5 ATF were remarkably 
different as Ti0 2 showed smaller pits and a gradual increase in 
surface roughness while HA showed large pit formations and 
a steep increase in surface roughness (figure 2 to figure 5). These 
observations indicated that, in a milieu of an acidic ocular tissue, 
Ti0 2 is more resistant to corrosion as compared with HA. 

Chronic inflammation plays an essential role in OOKP lamina 
degradation. 5 6 Hence, in our study we compared the corrosion 
resistance properties of HA and Ti0 2 after long-term incubation 
with low pH ATF which stimulated a chronic ocular inflam- 
mation state. Ti0 2 showed no significant degradation of surface 
morphology change while the surface of HA was severely 
damaged in both pH 6.5 and pH 5 ATF (figure 4 and figure 5). 
The analysis of the elemental compositions showed that 'Ca ; 
and T 7 were continuously released from HA while in contrast 
the elemental composition of Ti0 2 was stable (Supplementary 
table). Therefore, our data again indicated that Ti0 2 is more 
stable to long-term corrosion. Ti0 2 might not undergo signifi- 
cant resorption in an adverse milieu and thereby may not lead to 
a leak in the KPro skirt area around the optical cylinder. 

In conclusion, our studies involving cytokine array to 
compare the material mediated cellular reaction to inflamma- 
tory stimuli and studies evaluating the morphological changes 
of material substrates induced by acidic ATF show that Ti0 2 is 
a promising skirt material for a fully synthetic OOKP device in 
terms of corrosion resistance to microbial infection and device 
stability. 
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